Purpose A set of comparative life cycle assessment case studies were undertaken to explore key issues relating to the environmental impacts of building materials. The case studies explore modeling practice for long-life components by investigating (1) recycled content and end-of-life recycling scenarios and (2) service life and maintenance scenarios. The study uses a window unit frames as the object of comparison, allowing for exploration of multiple materials and assembly techniques. Methods Four window frame types were compared: aluminum, wood, aluminum-clad wood, and unplasticized PVC (PVCu). These used existing product life cycle inventory data which included primary frame material, coatings, weather stripping sealants, but not glazing. The functional unit was a window frame required to produce 1 m 2 of visible glazing, with similar thermal performance over a building lifespan of 80 years. The frames were compared using both the end-oflife and recycled content methods for end-of-life scenarios. The models were also tested using custom-use scenarios. Results and discussion Well-maintained aluminum window frames proved to be the least impactful option across all categories, in large part due to the credits delivered from recycling and expectations of long-life. Wood window frames had the least variability associated with maintenance and durability. The global warming potential (GWP) of a moderately maintained aluminum assembly was found to be 68 % less than PVCu and 50 % less than aluminum-clad wood. Using a long-life scenario, wood windows were found to have a 7 % lower GWP than the long-life scenario for aluminum-clad woods. Moderately and well-maintained aluminum windows require less energy to be produced and maintained over their lifetime than any of the wood scenarios. Expectations of service life proved to be the most important factor in considering environmental impact of frame materials. Conclusions The research shows significant gaps in available data-such as average realized life expectancies of common building components-while further underscoring that recycling rates are a driving factor in the environmental impact of aluminum building products. A modeling shift from the recycled content method to the end-of-life recycling method should promote goals of material recovery over pursuit of material with high recycled content. Hybrid methods, such as the use of Module D, may bridge the divide between these two approaches by providing due credit for use of recycled material, while supporting a design for recycling ethos. Further research is needed on how design and construction decisions affect collection and recovery rates in practice.
and emit 40 % of total CO 2 emissions (EIA 2011) .
As architects and engineers continue to strive to make buildings less energy intensive to operate, increasing attention is being paid to a broader set of environmental considerations (e.g., resource consumption, presence of chemicals of concern, land use change) and quantitative methods, such as life cycle assessment, capable of capturing the impacts over a building's full life cycle (Bayer et al. 2010; Crawford 2011; Simonen 2014) . Increasingly, life cycle assessment (LCA) is being adopted by, or mandated to, architects and engineers during the design process in order to give consideration to environmental impact information during the selection of materials, components, and assemblies (Bayer et al. 2010; AlGhamdi and Bilec 2015) . Additionally, in recent years, several green building certification systems have integrated LCA into broader sustainability assessments, supporting the increased awareness and use of the methodology among design practitioners working to evaluate built projects (Ortiz et al. 2009; Optis and Wild 2010; Passer et al. 2012; Al-Ghamdi and Bilec 2015) .
LCA in the building sector has primarily focused on two key areas: energy performance of buildings (Optis and Wilde 2010) and building materials (Gustavsson and Sathre 2006) . To date, the majority of building material and constructionrelated LCAs have focused either on simplified models of whole buildings (with approximate values for an estimated bill of materials) or on the assessment of isolated building materials (e.g., steel, concrete, flooring, insulation). Complex assemblies composed of numerous materials, such as curtain walling, windows and doors, roofing assemblies, and structural systems, are just beginning to be better understood and modeled through the application of nuanced comparative LCAs.
While comparative LCAs and EPDs have become more readily available for a host of interior products, it remains difficult for architects and designers to evaluate complex, long-life assemblies. Particularly in the early stages of design, when a team is most able to make material selection decisions that will most affect the total environmental impacts of a project, quantitative assessments and comparative studies that connect system/material typologies with detailing and design considerations are particularly lacking. While system performance and durability play a significant role in both life cycle costing and energy modeling, these factors are difficult to study using Environmental Product Declarations (EPDs) and other cradle-to-gate life cycle assessments. Additionally, for many architectural conditions and systems, a design may consider a range of materials that serve similar functions but differ in durability, expected service life, maintenance concerns, and end-of-life options such as material recovery and recycling.
This study uses window frame assemblies as an object of study to explore the role of use phase and end-of-life variables on environmental impacts across a full building life.
Durability, maintenance, and expected lifetime
Generally, questions of maintenance practices and material replacement have been insufficiently addressed in LCA work due to the difficulties associated with quantifying the benefits of physical properties such as durability for building materials (Aktas and Bilec 2012; Liu and Müller 2012; Miller et al. 2015) . For windows, questions of durability and material replacement are particularly significant (Andreson et al. 2001) . Frame assemblies are composed of a number of materials serving different purposes and subjected to varying stresses and wear. Therefore, the act of window refurbishment and replacement is a meaningful part of the building life cycleand a growing topic of interest for high-performance building design and retrofit.
In a published literature, the majority of LCAs conducted for window frames have focused on the manufacturing and end-of-life impacts as stand-alone products with no specified service life (Sinha and Kutnar 2012; Salazar and Sowlati 2008; Asif et al. 2002 Asif et al. , 2007 Citherlet et al. 2000) . Or, they have shortened model time frames to 40 or 50 years, so that they do not include significant maintenance or material replacement for some or all of the materials studied (Mösle et al. 2015) .
Additionally, most EPDs are cradle-to-gate assessments, which leave out the question of use phase impacts entirely. This trend can, in part, be explained by the difficulty of approximating an accurate service life for window frames-a long-life product whose replacement can hinge on a number of factors, from esthetics to performance to user needs. Although a product manufacturer may wish to provide a set of default scenarios in an EPD from which the building assessor may choose, the number of potential influencing factors on the use phase makes this impractical, due to the large number of combinations of factors related to climate, wear, and maintenance practices. However, when examining material use on buildings that must achieve high-performance standards for 80-100 years, the assumed service life of a component such as window frames does matter, as a single full replacement of an assembly will effectively double the product's life cycle impacts.
While it is indeed difficult to overcome the uncertainty of selecting a single assumed service life for an assembly without fully understanding the building context and maintenance regime (Aktas and Bilec 2012; Minne and Crittenden 2015) , comparative LCA facilitates the exploration of this topic through the testing of multiple use scenarios. This approach recognizes that maintenance regimes are project specific, influenced by a range of factors (e.g., building type, location, budget, use), and that LCA results will be influenced by assumptions made during the modeling process.
End-of-life modeling
When comparing architectural assemblies composed of different materials, it can be a challenge to assess material recycling along the product life cycle, as discussed in the many papers that approach the issue of allocation in less complex material assemblies through system expansion (Klöpffer 1996; Ekvall and Tillman 1997; Ekvall 2000; Ekvall and Weidema 2004) , a practice that adds complexity to both data collection and interpretation (Werner and Richter 2000) . In response to increasingly complex products and comparisons, LCA methodology has developed an array of allocation methods (Ekvall and Tillman 1997; Ekvall and Finnveden 2001; Nicholson et al. 2009; EC 2010) .
In the building and construction sector, variability in approaches to allocation of recycling credits and end-oflife impacts has posed challenges for cross-material and cross-industry comparisons (SIS 2012; Leroy et al. 2012) . This is particularly true for building products that contain recycled content or those that involve material collection and recycling at end of life. Presently, two methods predominate: the recycled content method and the end-of-life recycling method. While the selection of an allocation method has a large impact on model results, there is a general lack of consensus as to which method should be used (Frischknecht 2010; Hammond and Jones 2010; Wardenaar et al. 2012; Huang et al. 2013) .
The lack of consensus among LCA practitioners leads to difficulty of interpretation of data results across studies as calculation methods vary. The recycled content approach is particularly difficult to apply in the case of metals such as aluminum, as it requires the precise knowledge of recycled content by mass in an assembly, which is difficult to determine when availability of scrap is variable and scrap is incorporated in production melts with no change in performance properties (Schlesinger 2013; Puga et al. 2009; EAA 2013) . For this reason, the endof-life recycling method is preferred within the metal industry (Atherton 2007; Liu and Müller 2012; EAA 2013; PE International 2014) and increasingly used in both building material and whole building life cycle assessment reporting, such as EPDs (SIS 2012; ISO 14040:2006; ISO 14044:2006; ISO 21930:2006) . On the other hand, using this method for building materials may be inaccurate, as application of the end-of-life recycling method to buildings requires prediction of reclamation rates and impacts of recycling at the end of life for long product lifetimes (Hammond and Jones 2010) .
Goal
The primary objective of this study is to demonstrate the importance of durability and material replacement in the total life cycle impacts of window frame assemblies. Unlike previous studies, this comparative assessment interrogates multiple maintenance and replacement scenarios in order to test variability of use-phase impacts across a full building lifetime and to more accurately display the design consequences of material selection. The secondary objective of this study is to determine the impact of end-of-life modeling practice on LCA results.
Scope

Functional unit
This study examines four common types of window frames: aluminum, wood, aluminum-clad wood, and unplasticized PVC (PVCu) casement window frames. In order to compare different material options, data is normalized for material required to produce frames for 1 m 2 of visible glazing. Glazing is excluded from the study, as it is assumed to be equivalent across window types.
Each window frame assembly option is considered across a full building lifetime. The lifetime of a building is assumed to be 80 years, in order to represent an average building lifetime while allowing for comparison across studies of various building systems and materials (Preservation Green Lab 2012; US Department of Energy 2010).
To normalize for performance and to assure functional equivalence over the building lifetime, all window assemblies have been designed to yield similar thermal performance (U values between 1.5 and 1.6 W/m 2 K) and visible light transmission. As aluminum has a high thermal conductivity, achieving this level of thermal performance required the selection of a frame with an included inert plastic thermal break. The reference window size for all assemblies is 1.6 × 1.3 m 2 with a visible frame surface of 0.45 m 2 in the case of metalclad, PVCu, and wooden frames and 0.48 m 2 for the aluminum window (Weidema et al. 2013 ). Frame quality is expected to be of North American Fenestration Standard (NAFS) performance class R or LC (Fig. 1 ).
Service environment
The service environment for the purpose of evaluation is assumed to be a rural, non-coastal location. Frames are assumed to be a part of a flush vertical facade. Corrosion and accelerated material fatigue due to high levels of atmospheric pollution, condensation, or salt are considered out of scope for this study. This study assumes perimeter flashing and sealing is completed with proper workmanship to avoid trapping of water around the perimeter of frame. Equally, it is assumed that common best-practice construction is used for building detailing to prevent galvanic action in the frames containing metal.
System boundaries
Window frame assemblies include primary frame material and all additional materials required for assembly and installation, including gaskets, weather stripping, internal hardware, sealing, coating, and finishing. A 1 % cut-off factor by mass was used, with the exception of known chemicals that have high environmental impacts at low levels. In these cases, a 1 % cut-off was implemented by impact. Human labor, production of the machines for manufacturing, and infrastructure used are outside of the scope of this study. Transportation, both from manufacturing location to construction site and from construction site to disposal or recycling, is assumed to be highly variable and not particularly impactful, but was included according to market data and tested with a standard uncertainty analysis.
Use phase figures are calculated by multiplying the quantities of all material components by the number of installations required over the lifetime of the building. Labor associated with installation and maintenance of window frames is not included in the estimates of use-phase impacts and is considered outside the scope of this study.
All assemblies are modeled using end-of-life disposal scenarios tuned to present construction and demolition waste diversion and recycling rates (Doka 2007; Weidema et al. 2013) . In this disposal scenario, several materials are diverted for recycling, including the following: paper (85 %), glass (94 %), aluminum (90 %), steel (75 %), PET (80 %), and PVC (20 %). For paper, glass and steel collection rates are based on European averages (Doka 2007 ). The collection rates for steel are lower than those for aluminum due to the economic inefficiency in collecting the many small steel pieces intermingled with other materials in assemblies. In the case of aluminum and plastics, the rates have been updated from European averages to reflect sector-specific collection rates (IAI 2014; VinylPlus 2014) . All remaining materials not diverted for recycling are then modeled using a waste processing typical of European averages, with 88 % of material sent to incineration and 12 % sent to landfill (Weidema et al. 2013 ). Materials such as wood, for which there is energy generated during incineration, receive a credit for the avoidance of energy generation that they offset as well as the burden for the impacts of the incineration (Figs. 2 and 3 ).
End-of-life modeling utilizes the end-of-life recycling method as recommended by ISO standards and the ILCD handbook (ILCD 2010 , ISO: 21930 2006 except where otherwise noted.
Methods
Data source and quality
Frame assemblies were created in the SimaPro 8 software using data based on the window frame entries in the Ecoinvent v3 allocation database (Weidema et al. 2013) . TRACI 2 v3.01 (Bare 2002 ) was used for impact assessment of inventory data.
Data on representative window assemblies and construction are based on general product descriptions contained in selection data standards from MasterSpec (ARCOM 2014). This guidance specifically recommends against using PVC resins containing recycled content for performance reasons. Therefore, this study assumes 100 % virgin PVC frames, despite the availability of alternatives in the market. Service life figures and maintenance regimes are drawn from industry guidance available to architects, engineers, and cost estimators including product warranties, life cycle costing databases (RSMeans 2014), and practice (Preservation Green Lab 2012) .
Nuanced data on average achieved lifetimes for components of window assemblies does not presently exist. Similarly, a comprehensive database of recycling and collection rates in the USA or Europe across project types is not publically available. For the purpose of this study, end-of-life impacts and credits were modeled using typical waste scenarios and processes from the Ecoinvent v3 database (Weidema 
Maintenance model
The documentation for the original window frame entries in the Ecoinvent v3 database (Weidema et al. 2013 ) differentiates specific quantities of metals, plastics, and composite materials used for production of frames, fittings, sealing, and coating. For the purposes of this study, custom assemblies were created to represent Brecoating,^Bresealing,^and Breplacement of hardware^for each frame type in order to generate nuanced maintenance and replacement regimes. Likewise, waste scenarios were adjusted from the Ecoinvent v3 database to represent scenarios for disposal of materials such as replacement hardware, fittings, and weather proofing applied during the use stage for the purposes of maintenance and replacement.
The model uses an incremental allocation methodology to account for periodic component replacements associated with functional failure and wear rather than a pre-emptive, timed replacement of whole frames across a building. This methodology is consistent with an approach to maintenance scenarios that maintains functional equivalence across assembly types and practices based on consistent window performance throughout the full building life cycle, rather than assuming a full replacement of every window in a building on a timed cycle.
Rather than choosing a single estimated service life for each frame assembly, three use scenarios were developed that seek to represent a range of potentials grounded in the material attributes and typical maintenance practices for each window frame assembly. The specifics of this modeling methodology are outlined in Table 1 for each frame type.
Replacement cycle length is based on best-practice maintenance and repair by frame type (RSMeans 2014). Of particular note is the difference in expected service life of weather sealing between the aluminum frames and other frame types. This is due to a difference in weather stripping type by frame material: aluminum frames use a solid precision seal that creates a tight fit with minimal deformity of the seal material, whereas the other frame types use a larger, compressive-type hollow-bulb seal that experiences more movement, wear, and deformity in typical window use.
Scenario 1 It represents the most conservative estimate of window life; it assumes that no significant repair or replacement activities are conducted and that the entire frame assembly is disposed of or recycled and replaced at the end of a typical manufacturer warranty. While this is not reflective of actual building maintenance practices, it reflects assumptions common to many existing LCA models for building products. Scenario 2 It describes a basic maintenance regime in which a typical building manager or owner follows commonly prescribed maintenance practices aimed at reaching a longer lifespan for the window while maintaining a high level of window performance, as described in Table 1 . Scenario 3 It describes a high-maintenance regime in which a building manager or owner follows best practices aimed at extending the lifespan of a highquality window through regular and frequent maintenance practices, as described in Table 1 . As aluminum-clad wood and PVCu window frames are intended to be maintenance-free products with factory-finished surfaces, the protective 
Recycling/end-of-life model
Building materials have complex life cycles, making use of recycled content during manufacturing and also providing materials available for recycling at the end of a product or full building's life. The second model in this study explores the methodological choices available to LCA practitioners when considering both the presence of recycled content in window frame assemblies and also end-of-life scenarios that include material recovery and recycling.
Two choices predominate recycling allocation methodology for recyclable building component models, differentiated by the location of the system boundary. The end-of-life recycling method counts full present recycling potential of a product at its end of life, providing credits for creating recycled content that can offset the use of virgin material in the next product life. This methodology is recommended by the ILCD handbook and ISO standards for materials such as steel and aluminum, whose inherent properties are not altered during recycling.
The recycled content method counts only the proportion of virgin material and recycled content directly contained in a product. This approach is particularly advantageous for products such as wood or mineral products which have high recycled content but are often down-cycled or cannot be reused at end of life. The recycled content method is recommended by several national standards, including the European standard EN15804. While EN15804 primarily uses the recycled content approach, it has also adopted the use of Module D, a possibility for declaring the potential loads and benefits of recycling for a following product system, beyond the boundary of the product system under study. The use of Module D is recommended for long life materials and metals in particular (Leroy et al. 2012) , though the method presents challenges for multi-material comparisons.
Each modeling practice is internally consistent, but represents a different view of the relationship between primary and recycled material by focusing either on the recycled content going into the product stream or the recovered material coming out (Frischknect 2010), as described in Table 2 . This methodological focus affects the environmental impact results of a study, influencing recommendations for policy and decisionmaking.
For these scenarios, windows are assumed to follow the basic maintenance regime from the previous maintenance study, while the recycling credit allocation method is varied.
Scenario 1 It uses the recycled content method to allocate the full burden of production to the first life of the material and only considers the impacts of the recycling process for the share of the product that is from recycled sources. In this scenario, aluminum assemblies are modeled with a mix of 67 % primary aluminum and 33 % secondary aluminum from a mix of old and new scrap (EAA 2013) . Scenario 1 does not utilize Module D. Scenario 2 It employs the end-of-life recycling method, giving credit for future recyclability and reclamation by passing the environmental impacts of the initial production to subsequent uses for materials that can be recycled. This gives the credit for recycling to the product of study for avoiding the impacts that would have been associated with a future product made of entirely virgin material, using the material recycling rates described in Section 3.3 of this paper. In this methodology, the specific recycled content of the product is not measured, as this would constitute double counting.
Results and discussion
Results of maintenance model
Differences between use scenarios within each material indicate that assumptions regarding durability and length of useable life assumed for window frame assemblies are significant for every material and should be the subject of further research. For aluminum frames, there is a 52 % decrease in the calculated global warming potential and a 45 % decrease in calculated fossil fuel depletion between Scenario 1 and Scenario 3. Studies of aluminum window frames using warranty periods as a means of estimating service life may therefore be approximately doubling their impact estimates when compared to the expectations for building products that are well-maintained (Fig. 4) . For wood frames, there was a 13 % difference between assessments of global warming potential and a 9 % difference in eutrophication impacts between Scenario 1 and Scenario 3. This reveals that for wood, a higher proportion of such impacts is tied to maintenance activities such as painting and refinishing rather than the initial manufacturing, production, or disposal of the base materials. While these environmental savings of increased maintenance are smaller than those for aluminum, there are also economic and labor savings that support the higher maintenance regime.
Although there is no possibility for a high-maintenance option for either PVCu or aluminum-clad wood frames due to material limitations, both still demonstrate benefits in using models assuming maintenance activity to prolong the life of the frame assembly beyond the warranty period, as shown by the differences between Scenarios 1 and 2.
In addition to the nuances of maintaining aluminum-clad wood window frames over long life spans, end-of-life expectations also contain assumptions regarding demolition practice and material processing. The end-of-life disposal scenario for the aluminum-clad frame assumes that the metal cladding could be stripped from the wooden base material and recycled at a typical diversion rate for aluminum products. However, many of the impacts from the full assembly are tied to the lamination of the materials and the manufacturing of the wooden component of the frame, all of which would be sent to landfill or incineration upon disposal, yielding higher environmental impacts than for the aluminum-only frame assembly.
Results across material types show that the cradle-to-grave impacts of aluminum window frame assemblies are less than those of the other material options in all environmental impact categories when considered for the full building lifespan. Specifically, the global warming potential for a moderately maintained aluminum window assembly is 68 % less than the best-case scenario for PVC and 50 % less than the bestcase scenario for aluminum-clad wood. When considering fossil fuel depletion impacts, moderately and wellmaintained aluminum windows (Scenarios 2 and 3) required less energy to produce and maintain over their lifetime than any of the wood scenarios. Well-maintained wood windows have 7 % less global warming impact than the best-case aluminum-clad wood option and have a nearly 30 % lower impact when the warranty period is used as an estimation of the length of the assembly's lifespan. In large part, this low environmental impact of aluminum frame assemblies can be attributed to the credits delivered at end of life from recycling aluminum into future building products.
While this model was built to measure the importance of durability and maintenance in the use stage of the life cycle, it also makes clear that material reclamation and recycling at end of life is the most significant contributor to reducing the embodied environmental burdens of window frame products. Aluminum frames in particular are adversely affected when life cycle stages are simplified, excluding the benefits associated with durability, low maintenance requirements, or end of life (EAA 2013) . The very attributes cited in several existing studies (Sinha and Kutnar 2012; Asif et al. 2007 ) as contributing to the high impacts of initial frame production contribute to decreased impacts during the product life cycle, especially when end of life recycling is considered.
Results of recycling/end-of-life model
The results of this study support previous authors' emphasis (e.g., Atherton 2007) on the relative importance of recycling credit allocation methods for metals. Aluminum saw a reduction of 51, 42, 39, and 38 % in eutrophication, ozone depletion, acidification, and global warming potential, respectively, when the allocation method switched from the recycled content method to the end-of-life method. For metals, the reduction in impacts is due to the credits associated with the reduction of demand for primary material processing, the stage in System boundary Cut-off rule applied on recycled materials exiting the system (analysis looks only at the single product use).
Includes impacts of the recycling processes.
Who gets the benefits? Recycling benefits given to the product using recycled materials.
Recycling benefits given to the product providing material for recycling.
Who carries the burden? First use of the material receives the burden of materials used (primary or recycled; recycled materials do not carry energy or process burdens), and burden of input decreases as more recycled content is used.
First use of the material receives credit for full present recycling potential, avoiding demand for future primary material; recycled materials carry impacts for energy and process of recycling.
Indications for policy Promotes the consumption/use of recycled materials. Promotes the production/preservation of recyclable materials.
the metal life cycle associated with the largest environmental impacts (Fig. 5) . Similar improvements are seen for aluminum-clad wood frames. This is most likely due to the dramatic difference in environmental impacts for the aluminum cladding of the frame, which experiences the same benefits of environmental impact reduction as the primarily aluminum frame.
PVCu was the only material to have greater impacts across all categories when the end-of-life method was used. In particular, PVCu increased in the fossil fuel and ozone depletion categories by 59 and 40 %, respectively. The poor results for PVCu windows using the end-of-life method can be attributed to the current low recycling rates for plastics, coupled with potential material integrity loss in recycling, but an increase in waste diversion and material reclamation for plastics in construction would decrease their relative impacts. Sensitivity analysis shows that increasing recycling rates results in a linear decrease in most environmental impacts. Although most of the embodied impact categories decreased for the majority of material assemblies using the end-of-life method, each assembly had an increase in fossil fuel depletion. Aluminum increased the least (5 %), with aluminum-clad wood and wood frames having an equivalent increase (10 %), and PVCu increasing the most (59 %). This increase can be attributed to the inclusion of end-of-life processes and impacts for recycling, including the transportation of materials, such as to and from the recycling plant.
The results clearly indicate that the choice of allocation method has a significant impact on the magnitude of environmental impacts the model associates with the material in question, influencing recommendations for policy and decision-making based on the results. Using the recycled content method (Scenario 1), greater focus is placed on the avoidance of virgin material, as manufacturing and construction inputs make up a large portion of the overall environmental impacts. While this creates positive demand for materials with a high potential recycled content such as PVCu, for metals such as aluminum, this creates further demand for recycled content that has already outpaced the available supply of recycled material (Bertram et al. 2009; Rombach 2013) . For materials such as PVCu, an increased desire for recycled content may indeed increase competitiveness and recycling rates in circumstances where material recycling does not provide the same financial savings to manufacturers inherent in metal manufacturing.
Using the end-of-life recycling method (Scenario 2), greater focus is placed on material recovery at the end of product use, as materials receive credit for being able to replace virgin material in their next use. The system understanding highlighted in the end-of-life recycling method is particularly beneficial for the metal market, as it may lead to increased efforts to promote material reclamation and recycling pathways in order to reduce environmental impacts (Atherton 2007) . While metals in C&D waste streams already have very high achieved collection and recycling rates in practice due to the high market value of scrap, the use of end-of-life method for plastics may potentially serve as a driver for increasing collection and recycling rates that are presently low in the industry.
Hybrid methods, such as the use of Module D, may bridge the divide between these two approaches. Module D encourages avoidance of virgin material use when possible by providing due credit for the use of recycled material, encouraging behaviors similar to those promoted by the recycled content approach. However, the hybrid method also supports a design for recycling ethos similar to the end-of-life recycling method for materials that have efficient recycling processes but presently have low recycling and reclamation rates. Further research is needed on how design and construction decisions affect collection and recovery rates in practice.
Conclusions
In this study, four window unit frame assemblies were studied using a series of comparative LCA models examining the relevance of material replacement/maintenance and end of life. For all four window frame types, the choice of service life and the assumed replacement rates of materials affected the final impact results when window frame assemblies were assessed over the full life of a building. Existing LCAs of building materials and assemblies rely heavily on estimates for building lifetime; product service life and maintenance practices and in the absence of available data or applied experience choices are often made arbitrarily and without documentation or justification. The results of this study indicate that such model assumptions are significant and warrant further consideration, both during model creation and interpretation of results.
The results also suggest that the treatment of material recycling and end-of-life processes are important considerations for a range of building materials, including metals, plastics, and wood products. Despite the high embodied impacts of primary aluminum manufacturing, when material recycling and durability are taken into consideration, total environmental impacts of aluminum window frames were consistently lower than wood or PVCu. Models that use short-time frames (less than 60 years) or fail to take material replacement into account misrepresent the full life cycle impacts. Accurate and definitive predictions of durability are challenging as they rely on a range of context-and designspecific factors. Local climate, installation quality, architectural detailing, occupant behavior, and owner expectations can have significant effects on the actual lifespan of a product or assembly when installed in a real building. Although outside of the scope of this study, further research into the importance of different site and context variables-e.g., coastal environments, de-icing regimes-against the range of detailing options-e.g., frame coatings, recession depth of windowscould prove to be significant in providing additional insight when comparing frame types and may influence the resulting recommendation.
While increased data on realized product lifespans will help in creating more grounded estimates, project-specific factors will always drive individual cases, making it difficult to clearly and consistently identify a typical building for use in modeling. Moreover, for long-life materials used in facades or structural elements, the lifespan of the building itself may be the most important unknown factor.
Maintenance regimes and replacement rates used in model scenarios in this study should not be taken as static or definitive figures, but aim to show the range of possible model results and provide some indication of the relative importance of design decisions. Static assessments, such as those often conducted for environmental product declarations or certification purposes, rarely take a range of potential scenarios into account and pose challenges in terms of extrapolating findings to a specific building project. Comparative LCA results can be of value to architects and building owners, influencing the design and management of buildings, if models are crafted in a manner that reflects realistic behavior, particularly across the use phase.
LCA tools such as Tally® and Athena Impact Estimator are making it easier for architects and engineers to conduct robust comparative Life Cycle Assessments of full buildings and design options. Still, greater awareness of methodological factors such as the treatment of end-of-life impacts, recycled content, and expected service life/replacement rates is essential for appropriate interpretation of results, for extrapolation across projects, and for other forms of applied research.
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